Nanoparticles (NPs) of noble metals and their oxides, which have many applications in catalysis, electrocatalysis and photocatalysis, are frequently loaded onto metal oxide supports to enhance performance due to the presence of strong metal-metal oxide or metal oxide-metal oxide interactions. Here we present a flexible aerosol-assisted chemical vapour deposition (AACVD) method for constructing nanostructured thin films of noble metal (Au, Pt, Pd or Ru) and metal oxide (PdO or RuO x ) NPs supported on 1D WO 3 nanorod arrays. The size of the NPs (1.6 to 7.3 nm) is directly controlled by the deposition time (0.5 to 36 minutes).
Introduction
One-dimensional (1D) nanostructured semiconductors are likely to play an important role in device fabrication [1] [2] [3] [4] [5] because their use can be associated with enhancement of light absorption and reduction of light reflection, 6, 7 relative high collection efficiency of charge carriers, 8, 9 a large surface-tovolume ratio and unique electrical transport, 1, 8, 10, 11 whilst noble metal nanoparticles (NPs) possess catalytic [12] [13] [14] and photocatalytic 15 properties, whilst NPs of their oxides have been utilized as catalysts for oxygen reduction and oxygen evolution reactions (ORR and OER) respectively. 16, 17 In addition, nanostructures formed from two separate components can show further improved properties and/or new functionalities. 18 For example, supported Au NPs on catalytically active (e.g. TiO 2 ) or catalytically inert (e.g. BN, SiO 2 ) substrates demonstrate higher catalytic performance due to the 'strong metal-support interaction'. [19] [20] [21] [22] However identifying reproducible and potentially scalable synthetic routes to such nanomaterials are now an essential pre-requisite for the promise of nanoscale materials to be commercially realised. There are two major synthetic approaches for production of nanostructured materials: liquid/solution phase (e.g. hydrothermal) 15, 23, 24 and gas phase (e.g. chemical vapour deposition (CVD) and physical vapour deposition (PVD)). [25] [26] [27] [28] [29] Solutionphase synthesis can provide exquisite control of properties such as nanoparticle size and shape but can fail requirements for reproducibility, whilst for production of metal NPs organic agents such as stabilisers, dendrimer templates and reducing agents are typically required, which can lead to a layer of organic compound encapsulating the nanoparticles and/or contamination with foreign anions. 13, 15, 22, 30 In contrast gasphase synthesis of nanoparticles, whilst lacking the control provided in solution-phase synthesis, can be highly reproducible and avoid contamination problems, 31 with methods such as CVD frequently being used for synthesis at scale via continuous fabrication and/or roll-to-roll processes without the essential condition of low pressure compared to PVD or techniques such as cluster beam deposition in which NPs are preassembled in to a beam and then deposited in a vacuum chamber onto the support. 32, 33 To describe the heterojunctions normally found in various 1D hybrid nanostructured thin films, four main types of architectures have been outlined in Fig. 1 . A TYPE I structure commonly consists of metal NPs and 1D semiconductor where NPs decorate a 1D substrate forming nano-heterojunctions. 26, 34 As growth and aggregation of NPs continues, occupying most of the surface area of a 1D substrate, a TYPE II structure is produced and is often found in metal oxide NPs/1D substrate hybrid thin films. 35, 36 A TYPE III heterojunction describes the so-called core-shell structure, which has attracted wide attention. 37, 38 A TYPE IV structure describes a monolithic layer of a material with the 1D substrate occluded within it, for instance in polymer (PDMS or PEDOT:PSS) coated 1D substrates. 39, 40 In this article we demonstrate a CVD route for growth of thin films with a 'TYPE I' structure comprised of noble metal NPs (Au, Pt, Pd or Ru) supported on WO 3 nanorods (NRs), or comprised of noble metal oxide NPs (PdO or RuO 2 ) on WO 3 . We have previously demonstrated deposition of TYPE I structure Pt, Pd or Au NPs/WO x NRs (2 < x < 3) and PdO/WO 3 NRs via a single-step using aerosol assisted-CVD (AACVD) process. 24, 25, 34, 39, 40 However, the compatibility of various precursors and their respective deposition parameters limited the range of size and structures that could be produced in a single-step. In addition the tungsten oxide NRs synthesized by AACVD are typically substoichiometric (WO x where 2 < x < 3), 42, 43 with annealing in air at 500°C required to obtain fully oxidized WO 3 . 44 
Experimental

Synthesis of WO 3 NR arrays
The precursor W(CO) 6 (99%, Aldrich) (0.060 g) was dissolved in 2 : 1 a mixture of acetone (99%, Emplura) and methanol (99.5%, Emplura) (15 cm 3 total volume). Aerosols were generated from the precursor solution by an ultrasonic humidifier (Liquifog, Johnson Matthey operating at 2 MHz) and transported to the reactor using nitrogen carrier gas (99.99%, BOC, flow rate 300 sccm) controlled by a mass flow controller (MFC, Brooks). After 5 minutes deposition at a set temperature of 375°C on a quartz substrate, the heater and humidifier were switched off to stop deposition and the reactor naturally cooled under N 2 to room temperature. The inlet to the cold wall reactor of the AACVD system is equipped with a water jacket to avoid precursor overheating and decomposition prior to entering the reactor chamber and the exhaust was directly vented into the extraction system of the fume cupboard. Finally, thin films of NR-structured WO 3 were obtained after annealing at 500°C in air for 2 hours.
42,45
Synthesis of hybrid noble metal/oxide nanoparticle/WO 3 NR arrays thin films
The general pathway is shown in Fig. 2 with the parameters for the NP deposition ( process III) shown in Table 1 , including four processes as following: (I) the support material is deposited first, e.g. a nanorod (NR) structured sub-stoichiometric tungsten oxide, WO x (2 < x < 3), thin film was fabricated on quartz as described above; 23, 42 Characterization Scanning Electron Microscopy (SEM) images were obtained on a JEOL 6301F. Samples were coated with gold for 60 seconds and scanned at 5 kV. X-Ray diffraction (XRD) patterns were acquired by a Bruker D8-Discover reflection diffractometer equipped with a LinxEye silicon strip detector using Cu Kα radiation operated at 40 kV and 40 mA. The X-ray photoelectron (XPS) analysis was carried on a Thermo Scientific K-Alpha instrument equipped with a monochromatic Al Kα radiation (1486.6 eV) with charge compensation by a beam charge neutralization argon-ion gun (≤10 eV), and calibrated by the C 1s peak at 284.8 eV. Transmission electron microscopy (TEM) and scanning TEM (STEM) analysis was performed on a JEOL 2100 at 300 kV equipped with energy dispersion X-ray (EDX) detector (X-MaxN 80, Oxford Instruments).
Photocatalytic activity tests
The as-synthesized WO 3 thin films were dip-coated with a thin layer of stearic acid ( give an estimation of the number of SA molecules degraded during irradiated by UV light using the conversion factor (1 cm −1 ≡ 9.7 × 10 15 molecules) presented in the literature. 47 
Results and discussion
The WO x NR array thin films were grown directly on quartz via AACVD. 42, 48, 49 Glancing angle X-ray diffraction (XRD) showed the as-synthesized WO x matched W 32 O 84 (WO 2.63 ) (PDF 77-0810, a = 21.43, b = 17.77, c = 3.79 Å, α = 90°, β = 90°, γ = 90°) with two strong peaks attributed to (001) and (002) reflections ( Fig. 3a (blue line) ). After annealing at 500°C for 2 hours, the thin films turned from blue to white (Fig. S1 †) and were characterised as monoclinic WO 3 (m-WO 3 ) (PDF 072-0677, a = 7.306, b = 7.540, c = 7.692 Å and α = 90°, β = 90.881°, γ = 90°) with a dominant (002) reflection (Fig. 3a (yellow line) ).
The as-synthesized WO 3 thin films were approximately 1.0 ± 0.2 μm thick and comprised of arrays of NRs with random orientation, as shown by scanning electron microscopy (SEM) (Fig. 3b and c) . A single NR about 820 nm in length was examined by transmission electron microscopy (TEM, Fig. 3d) , showing interplanar spacing 0.38 (±0.005) nm corresponding to the (002) plane of m-WO 3 (Fig. 3e) . This is in good agreement with XRD which shows preferred orientation in (002) implying the growth of NRs along the [001] direction. The corresponding Fourier fast transformation (FFT) of the TEM image (Fig. 3e inset) indicates a streak perpendicular to the [ (Fig. 3f in blue colour) suggested that the presence of oxygen deficient in surface. 44 The metal NPs were deposited on the as-synthesized WO 3 NR array, with the size controlled by the deposition time (0.5 to 36 min) during AACVD. The obtained metal NPs/WO 3 NRs hybrid nanostructure thin films are denoted as M/WO 3 ('t' minutes), where 't' is the deposition time for the metal precursor during AACVD. The TEM images (Fig. 4) (Fig. 4a) respectively. This correlates with X-ray photoelectron spectroscopy (XPS) spectra which confirm the presence of Au(0) with the Au 4f 7/2 peak at 84.0 eV (Fig. 5a) . 50 The NPs of Pd/WO 3 (5 min) have mean size around 1.9 nm and interplanar spacing 0.22 (±0.01) nm attributed to the (111) plane of Pd metal (Fig. 4b) . XPS shows the presence of Pd(0) as well as Pd(II) (Fig. 5c) (Fig. 5d) , with a ratio of Ru : RuO 2 = 0.86 : 1 (details in Table S1 †), 53, 54 and mean particle size around 2.8 nm. The interplanar spacing of 0.21 and 0.20 (±0.01) nm is attributed to the (002) and (101) plane of Ru metal (Fig. 4c) respectively. The NPs of Pt/WO 3 (10 min), show only Pt(0) in the XPS spectra (Fig. 5b , Pt 4f 7/2 at 71.2 eV), 55 have mean particle size around 3.0 nm, with a particle interplanar spacing of 0.22 and 0.20 (±0.01) nm attributed to the (111) and (200) plane of Pt metal (Fig. 4d) respectively. The XRD patterns of all the M/WO 3 thin films look similar to the undecorated WO 3 NRs thin films (Fig. S2 †) most likely due to the small amount and size of NPs, as described in previous literature. 23 As deposition time increases during AACVD the metal NPs became larger (Table 2) with more extensive coverage of the surface of the WO 3 NRs (Fig. S3-S6 †) . Hence the size and number concentration of metal NPs dispersing on WO 3 NRs are able to be simply tailored by the deposition time during AACVD (Table 2 ). An oxidative treatment (e.g. annealing) is able to oxidise some metal NPs on the WO 3 NRs to give in situ formation of metal oxide/WO 3 hybrid nanostructures denoted as MO/WO 3 ( Fig. S7 and S8 †) . The Pd/WO 3 (5 min) and Ru/WO 3 (36 min) were annealed at 500°C in air for 2 hours to produce PdO/ WO 3 (5 min) and RuO 2 /WO 3 (36 min). Both samples have NPs with larger particle mean size, 5.6 and 5.1 nm respectively compared to counterparts before annealing, due to particle oxidation and/or coalescence ( Fig. 4e and f ) . The oxidative processes were confirmed by their XPS spectra which show the NPs of PdO/WO 3 (5 min) contain PdO with the Pd 3d 5/2 peak shifting to higher binding energy, matching reference PdO (337.2 eV) (Fig. 5e) , 56 and the NPs of RuO 2 /WO 3 (36 min) containing not just Ru(IV) but also Ru(VI), with the Ru 3d 5/2 peaks shifting to higher binding energy matching the reference values for RuO 2 (280.8 eV) and RuO 3 (282.5 eV) respectively ( Fig. 5f ) , with a ratio of RuO 2 : RuO 3 = 0.67 : 1 (details in Table S1 †) . 57, 58 The metal oxide NPs could not be observed by XRD (Fig. S2 †) Fig. 6a and b) . The sample Au/WO 3 (1 min, with particle mean size 3.0 nm) and sample Pt/WO 3 (10 min, 3.0 nm) showed enhanced activity for photocatalytic degradation of SA with FQE = 11.0 × 10 −5 and 11.3 × 10 −5 respectively compared to an undecorated WO 3 NR array thin film (deposition time of 5 minutes, FQE = 8.7 × 10 −5 which was the best photocatalytic activity for WO 3 NRs array thin films according to our previous study). 44 Whereas, when the WO 3 NR array was functionalised by Pd and Ru NPs (sample Pd/WO 3 (5 min, 1.9 nm) and Ru/WO 3 (36 min, 2.8 nm)) a lower activity for photocatalytic degradation of SA was observed. After annealing, the sample PdO/WO 3 (5 min, 5.6 nm) had the highest activity for photocatalytic degradation of SA with FQE = 13.2 × 10 −5 , though RuO 2 /WO 3 (36 min, 5.1 nm) still showed lower activity (FQE = 6.0 × 10 −5 ).
The degradation of SA generally involves two photoreactions: (I) the intermediate hydroxyl (
• OH) radicals which are generated by photo-oxidising H 2 O, and (II) the hydroperoxy (HO 2 • ) radicals which are generated by photo-reducing O 2 .
59
Photocatalytic degradation of organic pollutants can proceed indefinitely when both of these radicals are able to participate in the degradation reaction. 60 The valence band maximum (VBM) potential of WO 3 is sufficiently positive (vs. NHE) to photo-oxidise H 2 O to • OH, but the conduction band minimum (CBM) potential is insufficiently negative (vs. NHE) to photoreduce O 2 to HO 2 • , and as a result bulk WO 3 is inactive for photodegradation of SA. 59, 61 To understand whether M/WO 3 or MO/WO 3 hybrid structures could enhance the activity of photodegradation of SA, the band alignment was estimated as shown in Fig. 6c , in agreement with previous reports.
59,61-64
The indirect bandgap and VBM of as-synthesized WO 3 NR array thin films (5 min deposition) were obtained by Tauc plots (3.0 eV) and XPS valence band scans (2.7 eV, with respect to the Fermi level = 0 eV) (Fig. S9 †) . All the VBM of M and MO NPs, obtained from pure M and MO NP thin films, were located around or below the Fermi level (0 eV) (Fig. S10 †) , and elevate VBM of the counterpart 1D hybrid material thin films compared to as-synthesized WO 3 NR array thin films (5 min deposition) (Fig. S11 †) . Consequently Au and Pt NPs are expected to accept photogenerated electrons from WO 3 NR, in agreement with previous reports that Au NPs with particle size below 3 nm are reported to be catalytically active for the partial oxidation of styrene by dissociation of chemisorbed O 2 to produce O adatoms, 22 and that Pt NPs with particle size below 5 nm can act as a catalyst for promoting O 2 reduction into H 2 O 2 and superoxide radicals. 65 The PdO NP can also act as an electron acceptor, reducing O 2 and producing HO 2 • radicals. 63 In addition PdO is an expected p-type semiconductor and hence forms a p-n junction with WO 3 (an expected n-type semiconductor), which is expected to promote electron-hole separation and production of HO 2 • radicals. 66 The sample Pd/ 3 NRs appearing strong absorption peaks in optical spectra as shown in Fig. S1 † ( peaks at around 500 nm or 1000 nm corresponding to the colour change of 1D hybrid thin films) increase the light absorption in visible and/or NIR range, also need to take account of the size, distribution and coverage of noble metal or their oxide NPs on WO 3 NRs and metal NP-NR support interaction, etc. 
Conclusion
We have demonstrated that a two-step AACVD deposition process is a versatile tool to fabricate metal (M) and metal oxide (MO) nanoparticles (NPs)/WO 3 nanorod (NR) hybrid thin films which requires no additional agents or catalysts, with the M/MO particle size tuned simply by altering the deposition time. In the demonstration here it was possible to optimise the photocatalytic properties, for example for Au NPs a mean particle size of 3.0 nm (deposited by 1 min via AACVD on WO 3 NRs) showed the best performance for photodegradation of SA, being around three times more active than that for Au NPs with mean size 6.8 nm (deposted by 20 min AACVD on WO 3 NRs, Fig. S12 
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